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ContaminantsTo predict the likely effects of management action on any point source discharge into the coastal ocean, it is es-
sential to understand both the composition of the efﬂuent and the environmental conditions in the receivingwa-
ters. We illustrate a broadly-applicable approach to evaluating the comprehensive environmental footprint of a
discharge, using regional geochemical budgets and nearﬁeldmonitoring.We take as a case studymunicipal efﬂu-
ent discharged into the Strait of Georgia (west coast of Canada),where there has beenpublic controversy over the
discharge of screened or primary-treated efﬂuent directly into the ocean.Wastewater contributes≤1% of the ni-
trogen, organic carbon and oxygen demand in the Strait and is unlikely to cause eutrophication, harmful algal
blooms or hypoxia in this region. Metals (Hg, Pb, Cd) are controlled by natural cycles augmented by past mining
and urbanization, with 0.3–5% of the ﬂux contributed by wastewater. Wastewater contributes ~5% of PCBs but
≤60% of PBDEs and is likely also important for pharmaceuticals and personal care products. Effects of high organ-
icﬂuxonbenthos aremeasurable in the immediate receiving environment. The availability of particle-active con-
taminants to enter the food chain depends on how long those contaminants remain in the sediment surface
mixed layer before burial. Secondary treatment, slated for completion in Vancouver in 2030, will reduce ﬂuxes
of some contaminants, but will have negligible effect on regional budgets for organic carbon, nitrogen, oxygen,
metals and PCBs. Removal of PBDEs from wastewater will affect regional budgets, depending on how the sludge
is sequestered.
Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.1. Introduction
The coastal ocean links land with the open sea. Geochemical cycles
driven by global-scale circulation are augmented in coastal waters by(S.C. Johannessen),
d@telus.net (B. Burd),
(S. Bertold).
A8, Canada.
V6J 5G4, Canada.
r B.V. All rights reserved.discharges fromhuman activities on land that can have profound effects
on local ecosystems. With limited resources managers have to decide
how to prioritize possible actions to limit the effects of those activities.
Municipal wastewater is one highly visible discharge that carries a
complexmixture of contaminants. In some parts of the world wastewa-
ter discharge has led to eutrophication, harmful algal blooms, hypoxia,
extinctions of bottom fauna and ﬁsh mortality (Islam and Tanaka,
2004). However, the effects of wastewater discharge are not the same
everywhere. For example, phosphates in household wastewater can
have dramatic effects on lakes, causing eutrophication and harmful
algal blooms, while anthropogenic phosphate has little effect onmarine
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(Correll, 1998). Similarly, wastewater can affect one coastal sea differ-
ently from another, depending on processes occurring in the receiving
environment. Consequently, management actions that are developed
for one area, such as introducing a particular level of wastewater treat-
ment, might not have the anticipated effect when applied to another.
The purpose of this paper is to present a blueprint for a comprehen-
sive and speciﬁc analysis of the effects of a point-source discharge that
can be applied to any coastal setting, taking into account both thepoten-
tially harmful characteristics of the efﬂuent and the local characteristics
of the receiving environment that may amplify or reduce harm.We use
regional geochemical mass balance budgets, together with a local mon-
itoring programme, to determine the total effect on the environment, or
environmental footprint, ofmunicipalwastewater in a particular coastal
sea,with the ultimate aim of informing local management action.We il-
lustrate this type of analysis, taking as a case study the discharge of mu-
nicipal wastewater into the Strait of Georgia, a semi-enclosed sea on the
west coast of Canada bordered by two metropolitan areas.
Metro Vancouver (population 2.3 million; 2011 census) and
Victoria's Capital Regional District (population 0.36 million) together
treat and discharge approximately 5 × 1011 L of municipal wastewater
each year into the Strait of Georgia, through 5 treatment plant outfallsFig. 1. Study area, showing municipal wastewater outfalls (black trianglnear Vancouver and 3 outfalls near Victoria (Fig. 1). Wastewater is
also discharged into the Strait from the smaller cities of Nanaimo,
Comox and Campbell River, as well as from the Gulf Islands. The waste-
water contains nutrients (N, P), organic carbon, persistent organic pol-
lutants, metals, pharmaceuticals and pathogens. Because the efﬂuent
at some sites is treated only to primary level (including a settling
step), and at two sites is only screened (Table 1), local environmental
organizations have raised concerns about the potential for municipal
wastewater to pollute and cause eutrophication in the Strait of Georgia.
As a relatively deep coastal sea (max depth 420 m) with restricted
circulation, the Strait of Georgia might seem particularly vulnerable to
contamination and to the development of hypoxia or even anoxia in
the deep basins, driven by the discharge of nutrients, organic carbon
and other contaminants near the surface. However, the effects ofmunic-
ipal wastewater are modiﬁed by local circulation, sedimentation and
biogeochemical cycles. In addition, wastewater discharge is only one
of many pathways of material to the Strait of Georgia: others are rivers,
atmospheric deposition, exchange with the Paciﬁc Ocean, and other an-
thropogenic discharges (pulp mills, aquaculture, ocean dumping).
We use geochemical mass balance budgets for components of mu-
nicipal wastewater to assess the regional contribution of the discharge,
comparing components that have large, natural cycles with those thates) and sediment core locations (quartered circles numbered 1–7).
Table 1
Volume discharge of efﬂuent and ﬂuxes of selected components (dryweight) from the top 5 outfalls and contribution ofwastewater to regional budgets. These 5 outfalls account for 90% of
themunicipal wastewater discharged to the Georgia Basin. To calculate the total ﬂux of each component frommunicipal wastewaterwe factored up to 100%. TSS = total suspended sed-
iment; BOD = biochemical oxygen demand; POC = particulate organic carbon; DIN = dissolved inorganic nitrogen.
Outfall Treatment levela Discharge
(1011 L yr−1)
TSS
(106 kg yr−1)
DIN
(106 kg yr−1)
POC
(106 kg yr−1)
BOD
(106 kg yr−1)
Iona Is. Primary 2.06 10.9 2.69 3.82 15.1
Annacis Is. Secondary 1.80 1.87 3.78 0.26 1.15
Macaulay Pt. Screened 0.16 3.64 0.43 0.38 3.43
Clover Pt. Screened 0.18 3.16 0.44 0.32 3.51
Lions Gate Primary 0.32 1.73 0.46 0.77 2.82
Sum of 5 outfalls 4.54 21.3 7.80 5.55 26.0
Total from wastewater 4.99 23.4 8.58 6.10 28.6
Total sources to strait 30,000 721 2680 1970
% from wastewater 0.1% 1.2% 0.2% 1.5%
a Screened = efﬂuent passes through a 6 mm mesh; Primary = efﬂuent passes through settling tanks; Secondary = efﬂuent passes through settling tanks and a microbial decom-
position chamber.
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fects (population and diversity of benthic organisms) in the proximal
sea bed. We discuss the effects of chemical properties, circulation, sedi-
mentation in the receiving environment, and climate variability. Finally,
we comment on the likely effects of upgrading the screened and prima-
ry efﬂuents to secondary treatment, and show how the approach
outlined here might be applied in other coastal seas.
2. Approach
Contaminants in wastewater fall into two categories: those which
have natural background cycles in coastal seas (organic carbon, dis-
solved inorganic nitrogen, oxygen demand and metals: Cu, Pb, Hg,
Cd), and those contaminantswhich arewholly products of human activ-
ities and have no natural background (PCBs, PBDEs, detergents and
pharmaceuticals). To estimate footprints for the former category, we
have begun by describing the physical processes and natural cycles,
which have been augmented by local human activities includingwaste-
water disposal. Whether effects might reasonably be expected in the
environment depends on the magnitude of the wastewater loading
compared to the natural cycles and their variability.
For nitrogen, carbon and oxygen we draw on budgets, cycles and
residence time estimates already published for the Strait of Georgia,
based on sediment cores, sediment traps, water column and river mea-
surements and emission data from municipalities and pulp mills
(Johannessen et al., 2003, 2008b, 2014; Pawlowicz et al., 2007; Sutton
et al., 2013).
For metals we interpret published (Macdonald et al., 2008) and new
sediment core data together with efﬂuent discharge data to determine
the importance of metal loading from outfalls. We collected sediment
box cores at seven sites in the Strait of Georgia (Fig. 1) in 2003 and
2004. Subsections of the cores were analysed for a suite of metals by in-
ductively coupled plasma-optical emission spectroscopy, as described
by Macdonald et al. (2008), with a standard deviation of 1.4–11%. Mer-
cury was analysed in the sediment by atomic ﬂuorescence detection, as
described by Johannessen et al. (2005), with a coefﬁcient of variation of
5.35%.
We have applied an exploratory principal components analysis
(Meglen, 1992) to the 139 sediment samples from the cores, including
key metals as variables (Cd, Zn, Ag, Cu, Hg, Pb).
The Strait of Georgia is an open system, exchangingwith the greater
Paciﬁc Ocean and the atmosphere, andwe do not have conﬁdent assess-
ments of the exchange ﬂuxes for metals, PCBs and PBDEs. In these cases
we can still assess the scale of the municipal contribution for contami-
nants that associate with particles, because we have robust estimates
of the total sink via sediment burial within the Strait of Georgia from
published and new sediment core proﬁles (Johannessen et al., 2003,2005, 2008a; Macdonald et al., 2008), and we have direct measure-
ments of the composition of municipal efﬂuent.
In addition to the contribution ofwastewater components to region-
al budgets, we also illustrate the effects of the nearby receiving environ-
ment on the fate of contaminants dischargedwithwastewater, based on
detailed studies at two of the outfall sites (Iona Island (Vancouver) and
Macaulay Point (Victoria)).
To calculate annual ﬂuxes (kg yr−1) of various components in
wastewater, we rely on annual reports and data collected by each mu-
nicipality (Capital Regional District, 2013; Metro Vancouver, 2013;
Regional District of Nanaimo, 2013a,b,c,d; City of Campbell River,
2012; Greater Vancouver Regional District, 2005). Not all components
are measured at some of the smaller outfalls. Consequently, we have
tabulated the contributions from the top ﬁve outfalls by volume
(Table 1), which together account for ~90% of the volume discharged,
and factored these up to 100% for the components that were not mea-
sured at the smaller sites. All concentrations and loads are reported on
a dry weight basis.3. Results: wastewater components in the context of regional cycles
and the spatial extent of the footprint
3.1. Nitrogen/nutrients/eutrophication
Nitrogen enters the coastal ocean in dissolved and particulate, or-
ganic and inorganic forms. The dissolved inorganic fraction causes the
greatest concern, because it provides a ready source of nutrients for
phytoplankton and might lead to eutrophication, harmful algal blooms
and hypoxia. The dissolved inorganic nitrogen (DIN) cycle of the Strait
of Georgia is dominated by exchange through Juan de Fuca Strait
(~380 × 106 kg yr−1, Sutton et al., 2013) (Fig. 2). This nitrogen supports
the high rate of primary production in the Strait (~320 × 106 kg yr−1 N,
Sutton et al., 2013). The nitrogen discharged through all the municipal
wastewater outfalls combined (8.7 × 106 kg yr−1; Table 1) represents
only ~1% of the total inﬂux. In addition, for most of the year in most of
the Strait, phytoplankton are limited by light, not by nutrients (Li
et al., 1999). Phytoplankton are limited by nutrients for a few days at a
time in mid-summer in part of the central Strait and in enclosed bays
(Peña and Masson, personal communication, 2014), when the intense
stratiﬁcation andbright sunlight permit phytoplankton to deplete nutri-
ents in the surface layer (uppermost 7 to ~15 m). However, the outfalls
that discharge directly into seawater do so at 60–80 m depth, and the
strong stratiﬁcation in the summer would prevent efﬂuent nitrogen
from reaching the surface. In Juan de Fuca Strait nutrients might reach
the surface, but the phytoplankton are never limited by nutrients in
that area (Mackas and Harrison, 1997). Consequently, wastewater is
Fig. 2. Budget for dissolved inorganic nitrogen.
Modiﬁed from Sutton et al. (2013).
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Georgia or Juan de Fuca Strait.
3.2. Organic carbon
Like N, organic C enters the Strait of Georgia in dissolved and partic-
ulate, organic and inorganic forms. However, it is the particulate organic
carbon (POC) dischargedwithwastewater that causes concern. POC can
sink into the deepwater, where its decomposition andmetabolism con-
sume oxygen, possibly leading to hypoxia. In contrast to the balance ofFig. 3. Budget for particu
Modiﬁed from JohannessDIN,most of the POC in the Strait of Georgia is produced inside the Strait
by phytoplankton (2170 × 106 kg yr−1) (Fig. 3). The next largest
sources are rivers (220 × 106 kg yr−1, Johannessen et al., 2003,
2008a), especially the Fraser River, and the inﬂow through Juan de
Fuca Strait (which is effectively balanced by outﬂow). The concentration
of organic carbon is higher in wastewater than in river water or in the
ambient seawater, but the total discharge of organic carbon is three
orders of magnitude lower than the ﬂux from primary production. The
6.2 × 106 kg yr−1 discharged through the municipal outfalls represents
approximately 0.2% of the total of the sources. This is negligible in thelate organic carbon.
en et al. (2003).
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through outfalls does have local effects in the area immediately sur-
rounding each outfall, as described in the “Spatial extent of chemical
and biological footprint of the Iona Island outfall” section below.
3.3. Biochemical oxygen demand
Subsurface oxygen is declining in coastal waters around the world
(Gilbert et al., 2010). In some places biochemical oxygen demand asso-
ciated with wastewater has caused local waters to become hypoxic or
even to develop dead zones (Diaz and Rosenberg, 2008; Hofmann
et al., 2011). The dynamics of oxygen in the deep water of the Strait of
Georgia are controlled by consumption, due to remineralization of or-
ganic matter, and resupply during deep-water renewal in late spring
and late summer (Fig. 4). The annual biochemical oxygen demand of
municipal wastewater is 2.9 × 107 kg yr−1 (Table 1), which represents
~1% of the annual drawdown for the whole Strait (Johannessen et al.,
2008b; Pawlowicz et al., 2007). Given the vertical decomposition rate
of organic matter in the Strait, it is unlikely that more than ~4% of the
particulate organic matter discharged with wastewater (or any of the
dissolved organic matter) reaches the deep water, which seasonally ap-
proaches hypoxia. On a basin scale, therefore, municipal wastewater
does not add signiﬁcantly to the pressure on oxygen in the Strait. In
the sediment near the outfall, however, the biochemical oxygen de-
mand of the efﬂuent has measurable chemical and biological effects,
as described in Section 3.7 below.
3.4. Metals
For the seven sediment box cores discussed here, we havemeasured
the metals Pb, Cd, Cr, Zn, Cu, Hg, Ni, and Ag. Like nitrogen, carbon and
oxygen, all metals have natural cycles onto which human activities are
imposed.Metals can exist in seawater in dissolved or particulate phases
with some metals being very strongly scavenged to sediments. Metals
may exhibit a number of forms in the environment, but cannot be
destroyed by treatment. The major sink for metals in the ocean is burial
in sediments, which in a large-scale, steady-state ocean is in balance
with the supply of metals to the ocean from rivers, coastal erosion and
atmospheric deposition.
The Strait of Georgia has received contaminant metals from several
sources during the past century. In particular, there have been Cu
mines and a smelter on northern Texada Island (peak activity 1898–Fig. 4. Schematic of the oxygen cycle in the St1910) and a Cu mine at Britannia (Howe Sound; peak activity 1904–
1974), both of which have introduced Pb, Zn and Cu to the marine sys-
tem. Hgwas released to the Strait of Georgia by placermining in the late
1800s, by war-time industry during the 1940s and by an especially in-
tense release of Hg during 1965–1970 from chlor-alkali production at
the head of Howe Sound (Johannessen et al., 2005; Thompson et al.,
1980). In addition to these intense point sources, there are likely numer-
ous other more diffuse sources of metals (e.g., Pb from leaded gasoline;
street runoff, shipping), especially from industrialized areas like those
surrounding Vancouver Harbour.
In the principal components analysis of the sedimentmetal data, the
ﬁrst two components capture almost 80% of the variance (Fig. 5). The
metals, as drivers of variability, tend to cluster together at the right-
hand side, particularly Cu, Pb and Zn, which, in addition to their natural
sources, are all products of mining, and Hg, which has other sources as
discussed above, which happen to have been located near to those of
theminedmetals (mining/chlor-alkali plant in Howe Sound, urban run-
off in Vancouver). Ag and Cd fall away from themining cluster. Many of
the core samples cluster to the left, indicating near-background condi-
tions, with little metal contamination. These samples come from cores
far from point sources, or from sediments deep within sediment cores.
The other samples show distributions that are signiﬁcantly splayed
out toward the various metals. In particular, the distribution for Core
2, collected just outside Vancouver Harbour and Howe Sound, implies
a strong inﬂuence by Cu, Hg and Pb. In contrast, the core collected
nearest to the Iona Island outfall (Core 3) implies an inﬂuence by Cd
with some pull toward Ag.
Although there is somemetal contamination in Strait of Georgia sed-
iment, most of this relates to past mining activity or to the various
sources of Hg mentioned above. The distribution of metals in surface
sediment (Fig. 6 upper panels) supports this interpretation. There is lit-
tle indication of contamination by Pb, Zn or Cu from the Iona Island out-
fall, and indeed most of the efﬂuent measurements for Pb and Zn were
below detection limits (Metro Vancouver, 2013). However, the story is
different for cadmium.
3.4.1. Cadmium
For British Columbia, Cd has posed a particular problem to the shell-
ﬁsh industry where Cd concentrations high enough to prohibit export
were identiﬁed over a decade ago (Kruzynski et al., 2002), although
no speciﬁc local sources of contaminant Cd were identiﬁed. Rather, it
seems far more likely that high Cd concentrations in shellﬁsh of therait of Georgia (Johannessen et al., 2014).
Fig. 5. Principal components analysis of the metals Cd, Zn, Ag, Cu, Hg and Pb in sediment
core samples collected in the Strait of Georgia.
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ocean waters as they transport around the globe, with the oldest, and
most Cd-rich, water being found in the North Paciﬁc (Bruland and
Franks, 1983).
However, sediment core proﬁles show Cd enrichment toward the
surface only in the core collected closest to the Iona Island outfall
(Core 3), indicating a role for municipal efﬂuent (Fig. 7; compare Core
3 with Core 1). The amount of Cd supplied by municipal outfalls,
288 kg yr−1 (Table 2), is small compared to the estimated ﬂux to Strait
of Georgia sediments (6346 kg yr−1), suggesting that other sources
dominate this system. (In particular, the Fraser River is a large source,
estimated at 3900 kg yr−1.) The surface enrichment at the outfall site
likely results from the elevated organic carbon ﬂux at this site. AsFig. 6. (Upper panels) Maps of metal distribution in surface sediments, modiﬁed from Dunexplained in detail by Macdonald et al. (2008), dissolved Cd in bottom
water or pore water is strongly sequestered by sulphide. This process
can lead to very large Cd enrichments in sediments (e.g. Pedersen
et al., 1989). High organic carbon ﬂux leads to sulphate reduction,
which has likely enhanced the rate of sequestration of Cd within the
Iona footprint.
3.4.2. Other metals (Zn, Ni, Cr)
Although substantial amounts of Cu, Zn, Ni and Cr are passing
through municipal outfalls (Table 2), these are in all cases dwarfed by
other sources, especially the Fraser River, and have little opportunity
to contribute detectable signals to the sediments. The wastewater
source of Cu (20,000 kg yr−1), for example, is only about 2% of the
total sediment sink, which is mostly supplied by the Fraser River and
mining activities.
3.5. Persistent organic pollutants: PCBs and PBDEs
Polychlorinated biphenyls (PCBs) and polybrominated diphenyl
ethers (PBDEs) represent particle-active, persistent organic pollutants
with different discharge histories. The footprint of municipal wastewa-
ter is different in the two cases (Johannessen et al., 2008a).Wastewater
is a small conduit of PCBs into the environment (≤10%); however, it is
one of the main routes of entry for PBDEs (≤60%). PCBs are not in cur-
rent use in Canada. Their import, manufacture and sale were banned
in 1977; their continued presence in our local environment is duemain-
ly to their persistence, as well as to some ongoing use in other countries
(Ross et al., 2009). The annual load of wastewater PCBs, which is
~4 kg yr−1 of the total 40 kg yr−1 buried in sediment (Table 2), likely
derives largely from rainfall and surface soil particles collected byn (1998); (lower panels) proﬁles of Pb, Cu and Hg in Strait of Georgia sediment cores.
Fig. 7. Cd proﬁles in Strait of Georgia sediment cores. Core 3was collected just north of the
Iona Island outfall.
Fig. 8. (a) Total PCB and (b) Total PBDE sediment proﬁles in Core 3, collected just north of
the Iona Island outfall.
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budget for PCBs or PBDEs, so the % contribution from the outfalls is
based on a comparisonwith the sediment burial rate. The contributions
of these compounds to the whole regional budget are likely lower than
these estimates, since the burial sink does not capture the portion that is
metabolized or exported from the Strait. The percent contribution is
larger for PCBs than for C or N, because there is no natural source of
PCBs: all of the PCBs come from human activities. A sediment core col-
lected near the Iona outfall indicates that the beginning of wastewater
discharge at the current outfall site in 1988 diluted the ﬂux of PCBs, ac-
tually reducing the concentration in local sediments (Fig. 8). The distri-
bution of PCBs in Strait of Georgia sediments is now mainly controlled
by sedimentation and mixing rates. Natural sedimentation is gradually
burying PCBs, especially near Vancouver where there is a high ﬂux of
relatively clean sediment from the Fraser River.
The situation is different for PBDEs. The import and production of
PBDEs have recently been banned in Canada, but there remains a hugeTable 2
Discharge of metals, PCBs and PBDEs from the top 5 wastewater outfalls and maximum bound
these substances, we compared the ﬂux fromwastewater to the rate of burial in local sediment
component was sometimes undetectable in the efﬂuent. In these cases the limit of detection w
Pb
(kg yr−1)
Zn
(103 kg yr−1)
Cu
(103 kg yr−1)
Iona Is. 400 11.0 8.90
Annacis Is. b200 7.00 4.60
Lions Gate 80 2.30 1.90
Clover Point 157 1.64 2.51
Macaulay Point 100 1.50 1.80
Sum of 5 outfalls 936 23.4 19.7
Total wastewater 1030 25.8 21.7
Total sediment sink 3.63 × 105 3180 866
% of sink from wastewater 0.3% 0.8% 2.5%reservoir on land in households and businesses, where PBDEs have
been used as ﬂame retardants in furniture, fabrics, clothing, toys and
electronics. PBDEs have only been in use since ~1978 near the Strait of
Georgia, and they have not yet reached a steady state with the environ-
ment. They are still mainly concentrated in sediments near their main
points of entry: the urban harbours of Vancouver and Victoria and
their wastewater outfalls.
3.6. Other components not measured
Other classes of contaminants that enter the Strait of Georgia in asso-
ciationwithwastewater are pesticides and other POPs, pharmaceuticals
and personal care products (surfactants, artiﬁcial fragrances, dyes),
pathogens, and newly-developed household chemicals. Although the
cycling of these contaminants has not been examined in detail locally,
we can propose likely fates for them based on the patterns in compo-
nents that have been measured (see Discussion section).
3.7. Spatial extent of chemical and biological footprint of the Iona Island
outfall
The spatial footprint of an outfall depends largely on local sedimen-
tation and water circulation, as well as on the properties and ﬂuxes of
contaminants. The discharge region for the Iona outfall has high sedi-
ment biomass and production relative to the rest of the Strait, due to
the considerable particulate discharge from the Fraser River (Burd
et al., 2013; Burd, 2014). The abundance of large, burrowing echino-
derms in this region promotes considerable sediment bioturbation
and aeration. High natural sedimentation has resulted in sufﬁcientof contribution of wastewater to regional budgets. Lacking complete regional budgets for
, based on 7 sediment cores from the Strait of Georgia. Valuesmarked “b” indicate that the
as substituted for the value.
Hg
(kg yr−1)
Ag
(kg yr−1)
Cd
(kg yr−1)
TotPCB
(kg yr−1)
TotPBDE
(kg yr−1)
b10 b200 b230 2.66 29.6
b9 b90 b30 0.34 5.7
b2 b20 b7 0.27 4.98
2 24 6 0.19 3.19
1 17 9 0.15 5.11
24 351 281 3.6 48.6
26 386 309 4.0 53.4
2100 8.79 × 103 6.23 × 103 40 90
1.2% 4.4% 5.0% 10% 60%
235S.C. Johannessen et al. / Science of the Total Environment 508 (2015) 228–239ﬂushing and burial of the Iona outfall particulates to produce a
measureable but temporally stable footprint andmoderate biotic effects
(Burd et al., 2012).
Coprostanol, a biomarker for animal and human waste, is a useful
current tracer of municipal efﬂuent, because it is integral to sewage
and associates strongly with particles. This allows it to outline the spa-
tial extent of the footprint in local sediment. Based on annual surveys,
the inﬂuence of the Iona Island outfall, for example, is apparent in ele-
vated coprostanol concentrations for 1 km south and 6 km north of
the outfall along the 80 m depth contour (Fig. 9). The width of this
zone is less well deﬁned, but appears to be b1 km (McPherson et al.,
2008). The asymmetrical distribution of the area of elevated concentra-
tion of coprostanol reﬂects the stronger currents associated with ﬂood
tides than with ebb tides, which causes generally northward migration
of sediment in this area (McLaren and Ren, 1995).
Other tracers indicate a similar extent of outfall inﬂuence. PBDEs
largely enter the Strait in association with municipal wastewater
(Johannessen et al., 2008a), and the distribution of PBDEs in sediment
surrounding the Iona Island outfall reﬂects that association.
Oxygen stress is evident in the surface sediment in the immediate vi-
cinity of the outfalls. The extra consumption of oxygen in bottomwaterFig. 9. Transections of (a–e) chemical tracers and (f–g) biological effects along the 80 m
depth contour from 10 km south to 8 km north of the Iona Island outfall. The station
dots and solid line indicate the three-year average (2011–2013) value for each parameter,
while the dotted line represents 2011 to illustrate the degree of variability observed. The
outfall location is indicated by the dashed vertical line, while the south arm of the Fraser
River discharges ~2–4 km south of the outfall, contributing to the variability in acid-
volatile sulphide and biological abundance at that distance.and sediment due to remineralization of the organic carbon has resulted
in elevated acid-volatile sulphide within 5 km of the outfall, as well as
clear patterns in iron oxide staining of the shells of the bivalve
Axinopsida serricata (Burd et al., 2008b) and in proﬁles of redox-
sensitive metals such as Cd.
The biological effects in this area are consistent with oxygen stress
and/or sulphide toxicity (Burd et al., 2008a). Both species richness and
the number of organisms are low in the maximum deposition zone
(1 km S to 3 km N of the outfall; Fig. 9f–g), and the benthos include
considerable abundances (N1000 animals m−2) of opportunistic spe-
cies that take advantage of organic enrichment (Capitella capitata
complex — Tsutsumi et al., 1990a,b), and of the low oxygen head-
down redox boundary feeder, Heteromastus ﬁlobranchus (Holte and
Guliksen, 1998; Pearson and Rosenberg, 1978; Witt et al., 2004). In ad-
dition, low oxygen, high sulphide sensitive taxa (echinoderms and in-
faunal crustaceans) are notably absent in this zone (Burd et al., 2012).
Regionally, the deposition of organic particulates from the Iona out-
fall off Vancouver produces a nearﬁeld footprint of oxygen stress (Burd
et al., 2012), and a biota which has a low standing stock biomass and
high biomass turnover (2.5 times yr−1) relative to the surrounding re-
gion (1.27 times yr−1, Burd et al., 2013, 2014). This is due to loss of larg-
er fauna, proliferation of smaller opportunists and high bacterial
production near the outfall (Burd et al., 2013). Conversely, at the
Macaulay outfall near Victoria, organic deposition results in a high sed-
iment concentration of organic carbon and greatly elevated sulphides,
but no evident oxygen stresswithin sediments (due to high bottomcur-
rents and sandy substrates). Organic biomass appears to be normal rel-
ative to background in sediment around theMacaulay outfall (based on
annualmonitoring data for CRD), although biomass turnover (currently
unmeasured) is expected to be high due to the predominance of small,
opportunistic polychaetes, infaunal nematodes and high bacterial
production.
It is not presently possible to associate the elevated concentrations
of PBDEs and other contaminants with speciﬁc biological effects on
the benthos. Certainly PBDEs are preferentially consumed by benthic in-
fauna near the Iona and Macaulay outfalls as part of a diet particularly
rich in outfall particulates (Burd et al., 2014), whereas PCBs tend to be
taken up by infauna from sediments more quickly near the outfalls be-
cause of the high biomass turnover. In spite of this, tissue contaminant
levels of both groups of compounds are not high compared with higher
trophic level organisms (Burd et al., 2014), and are not likely to have
acute toxic effects on benthos. Elevated organic carbon ﬂux alone can
explain the observed biotic effects near outfalls.
4. Discussion
The footprint of an outfall depends on what and how much is
discharged but also on the properties of the receiving environment.
For particle-active contaminants, local sedimentation rates and the
tidal and current energy near the outfall strongly affect the surface sed-
iment concentration of each contaminant and its potential for entry into
the benthic and pelagic food chains. Where the sedimentation rate is
high relative to the rate and depth of sediment mixing by the benthos,
particle-active contaminants tend to be largely buried (Fig. 10).
Sediments within the Strait of Georgia have a surface mixed layer
(SML), which is produced by benthic animals foraging at the surface
and within the sediments. While a contaminant is in the SML, it is sub-
ject to degradation by bacteria or other metabolism by benthic animals
and re-entry into the food web. It is not sequestered out of reach of the
pelagic food web until it has passed below the SML.
The depth of the SMLdivided by the sedimentation velocity (t*=h / v)
provides an estimate of the average time, t*, a substance spends in the
SML before being buried in deeper, unmixed sediment (Fig. 10). Near
the Iona Island (Vancouver) outfall, for example, the benthos mix the
sediments to a depth of about 7 cm, and the sedimentation rate is
1.3 cm yr−1. This means that contaminants deposited onto the
Fig. 10. A schematic diagram comparing the importance of sediment burial and degradation for removing contaminants from the Strait of Georgia. The shaded zone shows the range of
burial half-lives of contaminants in the sediment surfacemixed layer. For contaminantswith degradation half-lives less than the burial half-life (e.g., labile organic carbon; many pharma-
ceuticals), degradation is themost important removal process in the SML.Where degradation and burial rates are similar, both processes play a role in the removal. Where degradation is
slow or absent, burial becomes the only process of removal. Most of the classical contaminants (pesticides, PCBs, PBDEs, PAHs,metals) fall into the latter category. Estimates of degradation
ranges were taken from various literature sources (Doick et al., 2005; Hu et al., 2012; Mrozik and Stefanska, 2014; Nyholm et al., 2010; Paasivirta and Sinkkonen, 2009; Robinson and
Hellou, 2009; Shang et al., 1999; Sinkkonen and Paasivirta, 2000; Tokarz et al., 2008; Zhang et al., 2013).
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seawater and benthic organisms besides bacteria, for about 5.4 years. If
the sedimentation rate were a tenth of that (0.13 cm yr−1), contami-
nants would stay in the SML for about 54 years.
The sedimentation velocities (0.2–N2 cm yr−1) and mixed layer
depths (4–12 cm) typical for Strait of Georgia sediments imply that
burial in sediments provides themajor removal pathway for many con-
taminants of concern (as indicated by degradation half-lives to the right
of the burial half-life in Fig. 10). Some contaminants (e.g., labile organic
C, nonylphenol ethoxylate surfactants, some PCBs, some polyaromatic
hydrocarbons (PAHs)) are substantially degradedwithin the SML, as in-
dicated by the degradation half-life lyingwithin the range of burial half-
life, while others, such as metals, do not degrade, and their half-life in
the SML is set solely by burial (Fig. 10).
Energy also plays an important role in the receiving environment.
Contaminants discharged into a low energy environment will stay clos-
er to the outfall than will those discharged into a high energy environ-
ment. For example, 10% of the PBDEs discharged through the Iona
Island outfall can be accounted for in the near-ﬁeld receiving environ-
ment, while only 1% of those discharged through the Macaulay Point
outfall, where bottom currents are faster, stay near that outfall (Dinn
et al., 2012b). Even in the case of Iona, however, where there is a high
sedimentation rate and relatively low energy, it is worth noting that
about 90% of the PBDEs are distributedmorewidely than the immediate
receiving environment. The distributed, particle-active contaminants
probably remain within the Strait of Georgia. A regional budget for par-
ticles indicated that virtually all of the particles that entered the Strait
were captured within its sediments (Johannessen et al., 2003).
The lower energy and higher sedimentation rate of the environment
near the Iona Island outfall helps to bury persistent, particle-active con-
taminants like PBDEs, while the vigorous tidal mixing (higher energy)
near theMacaulay outfall helps to disperse water-soluble contaminants
such as nutrients. Although there is little active sediment accumulation
near the Macaulay outfall, it appears that PBDEs can still accumulate in
the surface sediment, either by direct diffusion or by biological uptakeby benthic animals (Dinn et al., 2012a). However, despite relatively
high surface concentrations of contaminants near the Macaulay outfall,
the benthic animals living in its immediate receiving environment are
less contaminatedwith PBDEs than those near Iona, apparently because
of the high concentration of organic carbon in the untreated Macaulay
efﬂuent (Dinn et al., 2012b). The high energy and low sedimentation
rate near Macaulay disperse even the particle-active contaminants
more quickly than does Iona's receiving environment, and the elevated
concentrations of contaminants in sediment and biota at this site are
conﬁned to within 1 km of the outfall pipe (Dinn et al., 2012a).
Althoughwe have not carried out a detailed assessment of the fate of
contaminants discharged with wastewater into Burrard Inlet through
the Lions Gate outfall, the high energy and low sedimentation rate at
that site make it likely to receive contaminants in a manner that lies be-
tween the receiving environments at Macaulay and Iona.
A ﬁnal consideration applicable to the submarine Fraser delta is the
potential for sediments to undergo episodic massive slumping, which
then remobilizes the sediment surface and transports down the
foreslope via turbidity currents (Hill et al., 2008). This process interrupts
burial, removing contaminated sediments from the source region, and
initiates a new burial process in deeper water, which therefore
lengthens the actual burial time (Burd et al., 2000). Although the pro-
cess has the potential to occur, we have not detected contaminants
transported in this manner in our sediment cores.
The chemical characteristics of each contaminant also help to deter-
mine how it will interact with the local environment. A contaminant's
solubility or particle afﬁnity determines which pathway (dissolved or
particulate) it will predominantly follow. Its persistence and volatility
determine how long it will last in the environment relative to the time
scales of burial or export. In addition, the signiﬁcance of an outfall to
the total budget depends in part on the magnitude of other sources of
that same contaminant. For example, carbon and nitrogen from the out-
falls are swamped bynatural sources to the Strait of Georgia,while,with
no natural sources for PBDEs, outfalls play a more dominant role for
those contaminants.
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with local water masses until they are broken down or consumed.
Since the water at Iona's discharge depth has a residence time of 1–
2 weeks (Pawlowicz et al., 2007), dissolved components that break
down in less than a week will likely be consumed within the water col-
umn of the Strait of Georgia,while those that persist for longer than two
weeks will likely be exported from the Strait. Many pharmaceuticals
and other substances that may be consumed (e.g., caffeine) are soluble,
and they or their metabolic products will end up in municipal efﬂuent
via human waste (e.g., see Khetan and Collins, 2007). Some pathogens
(viruses and bacteria) would likely have a similar fate, circulating
through the Strait suspended within a water mass, with a residence
time determined partly by the rate of water exchange and partly by
their lifespan in salt water. Faecal coliform, for example, becomes non-
viablewithin a few hours to a few days of exposure to salt water (Neger,
2002), while enteroviruses can persist for 2–130 days (Melnick et al.,
1980). Some pathogens will be associated with particulates and will,
therefore, end up in sediments or in foodwebs initiated by particle
feeders.
The footprint of a wastewater outfall changes with time. This can be
due to variations in the discharge itself — the total discharge of waste-
water, the load of a particular contaminant, the level of treatment or
the method of discharge. Even with a constant ﬂux from the outfall,
however, the size of the sediment footprint can change with time, par-
ticularly for persistent, particle-active contaminants. Other particle-
active contaminants will follow the patterns for PCBs or PBDEs: if they
have been in the environment for decades and their discharge has
stopped or declined signiﬁcantly, they, like PCBs, will probably be dis-
tributed throughout the sediments of the Strait, with surface sediment
concentrations determined largely by local rates of sedimentation and
mixing. More recently introduced particle-active contaminants are like-
ly still concentrated near their points of entry, as observed for PBDEs.
Some artiﬁcial fragrances fall into this category, as they are persistent
and attach to particles in sewage (Guo et al., 2010).
The receiving environment in the Strait of Georgia is far from static
(Johannessen andMacdonald, 2009; Riche et al., 2014). Short-term var-
iability due to storms, blooms, and seasonal processes, together with
long-term trends due to climate change, including sea-level rise, in-
creasing temperature, ocean acidiﬁcation, changing hydrology and de-
clining subsurface oxygen, alter the manner in which the receiving
environment interacts with the efﬂuent, and the vulnerability of biota
within the environment to the effects of added stressors (Couillard
et al., 2008). For example, a constant biochemical oxygen demand
fromanoutfall superimposed on subsurfacewater exhibiting seasonally
variable dissolved oxygen concentration, which is also undergoing a
long-term decline (Johannessen et al., 2014) could cause waters near
an outfall to cross the threshold into hypoxia before any such conditions
were observed farther aﬁeld. Thismightmore likely apply to the lowen-
ergy receiving environment of the Iona outfall, since the greatest bio-
chemical oxygen demand is associated with the dissolved phase of the
efﬂuent, which is not mixed away so rapidly near Iona as it is near
Victoria's Macaulay outfall. Sessile benthic organisms, which often live
in surface sediments under conditions of oxygen stress, are particularly
vulnerable to further oxygen declines due to regional trends in bottom
water. Consequently, animals whose distribution around outfalls is con-
trolled by oxygen stress from the added organic loadings likely provide
frontline indicators of regional oxygen declines, manifested as an ex-
pansion of the affected zone around the outfall. Present trends in bot-
tom water dissolved oxygen, if continued, imply that the area of such
zones might increase at some sites.
Monitoring focussed on the near-ﬁeld receiving environment of
wastewater outfalls (with background reference stations) can help to
assess whether the spatial footprint of an outfall is worsening or
expanding spatially. It is useful to accompany nearﬁeld monitoring
with an ambient monitoring programme that puts ﬂuxes, effects and
variability into a regional context. Data from ambient monitoringpermit the construction of geochemical budgets, which can be used to
show the contributions of individual stressors and the magnitude of in-
tegrated stressors: the contribution of an outfall to a regional budget
may be small or large, depending on what else is discharged into that
environment. Such budgets can help to determine whether the contri-
bution of the outfall is part of a small or a large overall stress. Budgets
can also inform the result that we may expect from treatment. Without
budgets a decision made in isolation to treat one stressor out of many
might not have the desired effect.
Treatment of municipal wastewater is most powerful where 1) the
process substantially breaks down the targeted component into innoc-
uous by-products, and 2) the component released by wastewater is a
major contributor to the regional budget. For example, although we
could remove organic carbon and nutrient nitrogen from efﬂuent by
secondary or higher-level treatment, converting it to CO2 and N2, such
action would have a relatively small effect on the receiving environ-
ment, which is already well-supplied with nutrient. In contrast, the re-
moval of PBDEs, which are far harder to break down into non-toxic
components, would reduce loadings of these compounds directly to
the Strait of Georgia signiﬁcantly. Budgets provide a powerful basis to
quantify the likely beneﬁt consequent to removal.
Increasing the level of treatment of the primary and screened efﬂu-
ents to secondary, as currently planned, will likely reduce efﬂuent con-
centrations of all the components considered here. During primary
treatment, BOD is reduced by about 30% and TSS by 60%. Secondary
treatment should increase both of those reductions to 90% (calculated
from Metro Vancouver, 2013). Such an upgrade will, however, have a
negligible effect on budgets for the whole Strait for N, organic C, and
PCBs, although it will likely decrease the oxygen stress somewhat in
the bottom waters and sediment immediately around the outfall.
Secondary treatment will decrease the direct input of PBDEs consid-
erably, but it is not designed to break down persistent organic pollut-
ants. Consequently, the effect of increasing the level of treatment
will largely be to move PBDEs from marine efﬂuent into sludge that
will have to be further managed to prevent its potential re-entry
into the aquatic environment. The effect of secondary treatment on
pharmaceuticals and personal care products will be mixed. Some of
these are easily broken down in treatment, while themore persistent
ones, such as some artiﬁcial fragrances, will likely move into the
sludge along with the PBDEs and other persistent organic pollutants.
Source control, such as the manufacturing bans on PCBs and PBDEs,
can be more effective than treatment at removing persistent con-
taminants from the environment.
A comprehensive and speciﬁc analysis of the effects of any point-
source discharge can be made for any coastal setting following the for-
mat presented in this paper. The advantage of this format is that it
takes into account both the potentially harmful characteristics of the ef-
ﬂuent and the local characteristics of the receiving environment that
may amplify or reduce harm. The ﬁrst step is to construct a regional
budget for each component of concern in the discharge. This budget,
which demands a quantitative understanding of processes in the coastal
system, can then be used to provide an estimate of the maximum ben-
eﬁt that could be realized regionally by reducing or eliminating the
source. Furthermore, a budget provides the basis for determining
whether or not impacts associated with the efﬂuent discharge could
be detected regionally. The second step is to conduct monitoring in
the area local to the point source to provide a quantitative estimate of
the footprint of detectable biological effects. The third step is to collect
regional time series of water and sediment properties to determine
whether large-scale trends imposed by natural processes or other an-
thropogenic pressures are altering the functioning of the coastal system
in a way that will alter the risks from the point source and thereby alter
the area or severity of its impact. Given this information, management
can make an informed decision of whether or not to institute controls,
and set the likely beneﬁt of such controls against their costs or against
the cost–beneﬁts of other actions.
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